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Abstract 
Thin film crystalline silicon solar cells on flexible metallic substrates are being considered to be potential for low cost 
production. In the present investigation, metallic substrates (MS) coated with dielectric diffusion barrier layer (BL) of ONO 
(SiO2/SiN/SiO2) have been used for the fabrication of polycrystalline silicon (pc-Si) thin films using aluminium induced 
crystallisation (AIC) for the first time. The crystallographic quality of pc-Si layers synthesised by AIC has been studied using 
Raman and UV reflection spectroscopy. Similarly, grain size and defect distribution were characterised using electron 
backscattered diffraction (EBSD) analysis. The AIC grown films showed a symmetric peak around 519-520 cm-1 with an average 
grain size of 8.1 μm. The thermal stability of the diffusion barrier has been evaluated by annealing the structure, MS/BL/pc-Si, at 
higher temperatures with subsequent chemical analysis of AIC grown pc-Si template. The potential impurities are identified to be 
Fe and Ni on a limited area. These results open the potential of fabrication of large grain silicon seed layer on flexible substrates 
for thin film solar cells technology. 
© 2010 Elsevier B.V. All rights reserved 
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1. Introduction 
The interests in flexible thin film solar cells have been growing for the last few years. These flexible cells 
offer many advantages such as mechanical ruggedness, less weight, low cost, high resistance to radiation damage 
and building integration as they are applicable to uneven surfaces. In this direction, metallic sheets have been 
attracted as the suitable substrates for flexible silicon solar cells, which have the added advantages of electrical 
conductivity, optical reflection and stability at high thermal budget. Majority of commercial solar cells are made of 
silicon. However, due to the lack of silicon feed stock, considerable efforts are being directed to synthesise device 
grade polycrystalline silicon (pc-Si) thin films on foreign substrates. One of the most promising approaches is 
aluminium induced crystallisation (AIC), which is now successful method to prepare large grain (>20 μm) and 
heavily doped p-Si films on rigid substrates like ceramic, alumina, etc. [1]. However, the as-grown layers could have 
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defective grains [2]. The grain size and defects rely strongly on the surface morphology of the substrate used, which
modifies the growth velocity of the grains [2]. These intra-grain defects can be a major limiting factor for the 
electronic quality of the grown pc-Si films and the ultimate grain size of epitaxial layers [3]. In addition, when the
devices are fabricated on foreign substrates, it is also important to prevent the diffusion of substrate impurities in 
order to sustain the electronic quality of the grown layers by incorporating an intermediate barrier layer, known as 
diffusion barrier. The barrier must be stable against the impurity diffusion during the different stages of device
processing and well integrate the final device structure [4]. Silicon dioxide (SiO2) is known as a good diffusion
barrier and its efficiency can be strengthened further by using stack layers of the type, SiO2/SiN/SiO2 (ONO) [5],
which inhibits the growth of defects caused by substrate flaws and hence introduce lag time significantly to the
direct solid-state diffusion of substrate impurities [6].
In the present investigation, Ferritic steel sheets were used as the flexible substrates, which were coated 
with ONO stack layers of 1 μm thickness as a diffusion barrier using plasma enhanced chemical vapour deposition
(PECVD). Then, pc-Si films were fabricated using AIC process and studied the crystallisation kinetics as well as 
defect analysis. Finally, the mechanical integrity and stability of the diffusion barrier were studied by annealing the
MS/BL/pc-Si structure at higher temperatures (1000 oC), using the pc-Si film as a probe material for the analysis. 
2. Experimental details 
Ferritic steel foils were used as substrates to fabricate pc-Si films using AIC process. Initially, the
substrates were coated with SiO2/SiN/SiO2 (ONO) of 1μm thickness by PECVD at a substrate temperature of 400
oC. The precursor gases of SiH4, N2O and SiH4, NH3 were used to synthesise SiO2 and SiN, respectively. Later, the
precursors for the AIC process, aluminium (Al) and amorphous silicon (a-Si) with the thicknesses of 270 nm and 
370 nm were deposited by e-beam evaporation and PECVD methods, respectively. The aluminium layers were
exposed to air for 1 week prior to amorphous silicon deposition, in order to achieve AlOx permeable membrane. The
MS/BL/Al/a-Si structures were isothermally annealed at different temperatures in the range, 450-550 oC for 
different annealing periods for 1 to 10 hours under nitrogen flow. The excess of aluminium/silicon precipitates on
the top surface were removed by selective chemical etching after the exchange process. The as-grown AIC layers
were characterised by Raman and UV reflection spectroscopy and scanning electron microscopy (SEM) equipped
with an X-ray energy analyser (EDS). The crystal orientation and defect analysis were carried out using electron 
backscattering diffraction (EBSD) based on the orientation maps obtained over the area of 250 μm x250 μm with a
step size of 0.5 μm.
3. Results and discussion
The surface roughness analysis of the substrate, which is an important parameter that influence the
diffusion barrier stability [7] as well as the quality of AIC grown pc-Si film [2], was made using coherence probe
microscopy [8]. Fig. 1 shows the substrate surface topography and corresponding surface line profile. The substrate
surface shows a non-uniform distribution of roughness, where the peak to valley roughness is nearly 310 nm. The 
Fig. 1(a) Surface topography of bare metal substrate and (b) corresponding roughness profile.
(b)(a)
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spikes nature of the substrate surface has a significant influence on the barrier stability against the impurity
diffusion, which will be discussed in the following sections. The surface roughness decreased to 131 nm after the
deposition of ONO barrier layer.
The ONO layers of a thickness of 1 μm were deposited on metallic substrates (MS) using PECVD. These
layers serve as a diffusion barrier in the present study. MS/ONO/Al/Si structures were annealed at different
temperatures in the range, 450-550 oC for the time periods of 1-10 hr. After the completion of Al/Si exchange, the
excessive Si/Al precipitates on the top surface were removed by chemical etching using the solutions of nitric acid,
hydrofluoric acid and deionised water in the ratio of 70.5:1.5:28.
The reflectance of bare metal substrates is ~ 60 %, which decreased to 45 % after ONO deposition as
shown in Fig. 2(a). The reflectance spectra of AIC grown films (Inset of Fig. 2(a)) showed prominent peaks related
to direct optical transitions at e1 ~ 365 nm and e2 ~ 275 nm, which is the characteristic of crystalline phase. The
prominence and symmetry of these maxima are more defined at a lower annealing temperature of 450 oC, for a
longer annealing period of 10 h. The Raman spectrum of as-deposited a-Si films shows a broad peak with a Raman
shift at 480 cm-1, while the AIC grown films show a sharp peak close to 520 cm-1, as shown in Fig. 2(b), which
reveals that the as deposited a-Si films were crystallized by the exchange of Al and a-Si layers. The Raman peak is
broadened in addition to a deviation from 520 cm-1 at higher annealing temperatures. This could be either due to
high density of smaller grains that results from higher nucleation velocity and/or disorder at the MS/BL/poly-Si
interface [9]. The magnitude of stress estimated from the wave number shift of the peak compared to the Raman line
of stress free c-Si [10] is found to be low of the order of 50 MPa though the metallic substrates have higher thermal
expansion coefficient when compared to pc-Si films at the annealing conditions used for AIC process. This
phenomenon can be attributed to the presence of barrier layer, which is also acting as a buffer layer to reduce the
interfacial stresses, which is going to be proved in this investigation by annealing the AIC layers at 1000 oC.
(a) (b)
Fig. 2(a) Reflectance spectra of bare metal substrate and ONO/MS, (Inset: Reflectance spectra of silicon films
before and after AIC, and c-Si,   (b) Raman spectra of the films before and after AIC, and c-Si. 
The crystallographic orientation and defect analyses have been studied using EBSD measurements. The
orientation of each grain with respect to a given direction relative to the sample can be extracted from the colour
coded EBSD orientation map. Fig. 3(a) shows the EBSD orientation image map and inverse pole figure in the
sample normal direction of the AIC grown films grown at 480 oC for 8 h. The inset of Fig. 2(a) represents the Miller 
indices of (100), (111) and (101) in red, blue and green colour, respectively. Fig. 3(b) shows the pole figures using
which the degree of preferred orientation can be evaluated from the colour codes. The grains are predominantly
oriented along <100> direction. The surface of AIC layers is continuous with the average grain size of 8.1 μm.
There are no non-indexable grains due to the absence of Kikuchi patterns, which are rarely observed for the films
grown on glass substrate [11]. This implies that the amorphous silicon films were completely converted into
polycrystalline silicon films by AIC process on metallic substrates. The analysis of intra-grain defects of low-angle
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Fig. 3(a) EBSD image of the AIC films and (b) corresponding Pole figures.
(b)
(a)
(< 15o) and high angle (> 15o) grain boundaries, and coincident site lattice boundaries (CSL) is highly informative to 
improve the quality of AIC grown films. The CSL boundaries are mainly twin boundaries of the first order (Ȉ3),
second order (Ȉ9) and third order (Ȉ27). The distribution of CSL boundaries is shown in Fig. 4, which shows the
distribution frequency of Ȉ3, Ȉ9 and Ȉ27 is 37 %, 8.7 % and 4.5 %, respectively. The volume fraction of different
type of CSL boundaries, where the predominant CSL boundaries are seemed to be 63 followed by 6 9 and 6 27.
Fig. 4 Distribution of CSL boundaries in the AIC grown pc-Si films.
The as-grown AIC pc-Si layers were subjected to EDS measurements in order to assess the stability of
ONO diffusion barrier against the migration of substrate impurities. The results showed that the surface morphology
is uniform and the pc-Si layers are free from substrate impurities, which represents the stability of diffusion barrier
among the temperatures used for the AIC process. These interesting results directed to study the barrier layer
performance at higher temperatures as well, which is highly important to optimise the physical characteristics of
ONO barriers to prepare high quality pc-Si films followed by solar cells with improved efficiency. Fig. 5(a) shows
SEM image coupled with compositional contrast of the annealed films (pc-Si) at 1000 oC for 1 h. The surface shows
a few bright spots on a limited area. It is interesting to note that the film is free from cracks though the mismatch of 
thermal expansion coefficient between metal substrate (13x10-6 /oC) and AIC grown poly-Si films (4.6x10-6 /oC) is 
more at 1000 oC. The EDS analysis of the bright spots, as shown in Fig. 5(b), exhibits different substrate metal
impurities in addition to Si, while the rest of the region showed only Si and a weak Al-signal. The presence of
(a)
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impurities on the surface is strongly believed due to the non-uniform distribution (abrupt changes in the surface
roughness) of surface roughness of the substrate, as shown in Fig. 1(b). The spikes on the bare substrate surface
introduce defects or nanoscale pores in the barrier layer, which are prone to the diffusion of substrate impurities and
hence the failure of the diffusion barrier [12]. The high temperature annealed pc-Si films showed an intense Raman
peak at 520.1 cm-1, which is close to that of stress free c-Si as shown in Fig. 5. This implies that the stress is not
incorporated in the pc-Si layer during annealing. Therefore, it can be inferred that the intermediate ONO diffusion
barrier layer could play a significant role as a buffer layer to minimise the stress in the pc-Si films induced by the
substrate. However, it is interesting to note that the present films showed lower stress (compressive/tensile) with
respect to AIC processing conditions as well as high temperature annealing when compared to the films processed
on other substrates and/or preparation methods.
Fig. 4 (a) SEM picture of AIC films annealed at 1000 oC for 1h, (b) EDS profile of the bright spots on the image.
Fig. 5 Raman spectrum of the pc-Si films annealed at 1000 oC for 1h.
4. Conclusions
A successful attempt has been made to prepare pc-Si films on flexible metallic substrates using aluminium
induced crystallization for the first time. The films prepared at 480 oC for 8 h showed better crystallinity among the
experimental conditions used in the present investigation. The EBSD analysis showed that the grains are 
predominantly oriented in <100> direction with an average grain size of 8.1 μm in these films. The diffusion barrier
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layer used in this study is stable under AIC conditions, but failures on limited area, where the substrate spikes are 
present, at higher temperatures (1000 oC). It is also found that the stress in the experimental films is significantly 
minimised by the presence of ONO diffusion barrier, which is inferred to be served as a buffer layer as well. In 
conclusion, it can also be possible for further improvement of efficiency of the barrier layer against the impurity 
diffusion by increasing its thickness 
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